The absence of effective treatment methods for Duchenne muscular dystrophy (DMD) calls for new therapeutic approaches. One of the promising treatment methods for DMD is stem cell therapy. This study demonstrates the impact of fetal stem cells (FSCs) on functional capacity and life quality of DMD patients and the ability of FSCs to prevent DMD-related complications in order to inhibit the disease progression. FSC therapy substantially improves functional capacity, life quality, left ventricular ejection fraction, and forced vital capacity of the lungs of DMD patients; this was confirmed by comparison of neurological, laboratory (aspartate aminotransferase, alanine aminotransferase, creatine phosphokinase, and lactate dehydrogenase), and morphofunctional findings (left ventricular ejection fraction and forced vital capacity) in DMD patients before the treatment, and 6 and 12 months after the FSC treatment.
Introduction
Duchenne muscular dystrophy (DMD) is a genetic disorder affecting 3.3 in 100,000 people, 14 in 100,000 newborns and one in 3,600-6,000 live male births. 1 Since DMD is an X-linked disorder, it mainly affects boys and very rarely girls. [1] [2] [3] DMD occurs as a result of mutations in the dystrophin gene (locus Xp21.2) resulting in dystrophin deficiency or structural changes leading to progressive muscular degeneration. 4, 5 Clinical symptoms of DMD usually appear during the first 3 years of life, and by the age of 6-9 years most patients have contractures of the iliotibial tract, hip flexors, and Achilles tendons. By the age of 10 years, most DMD patients lose independent ambulation or even the ability to stand and require the use of a wheelchair. The upper extremities are affected by 14-15 years of age. Intellectual impairment is present in 10% of cases. Average life expectancy for patients afflicted with DMD is #20 years; the main causes of death are lung infections, respiratory failure, gastrointestinal diseases, or cardiomyopathy.
Thus, the condition of the myocardium and respiratory muscles of DMD patients determines the course of the disease and its outcome. The severity of cardiac and respiratory muscle affection is proportional to the severity of neurological symptoms. 13, 14 Currently, there is no cure for DMD; available treatments are limited to corticosteroids. 15 Large-scale clinical trials aiming to tackle this disease are in progress throughout the world. They mainly aim to use gene replacement therapy by production of synthetic genes capable of dystrophin production, or they use gene repair therapy by correction of transcriptional processes of the dystrophin gene (ie, targeted exon skipping through RNA to exclude specific sites of RNA splicing, or using antisense oligonucleotides to induce the restoration of the open reading frame and the production of a functional dystrophin protein). However, while several years ago gene therapy represented the hope for DMD care, these gene-based approaches are still far from effectiveness. 16 Indeed, several issues need to be further determined, evaluated, and implemented, such as the optimal mode of gene delivery, the host immune rejection, increased exon skipping efficiency, and an optimized oligonucleotide sequence.
Cell-based therapy could represent the optimal treatment for this disease. The rationale for cell therapy is to promote muscle regeneration. 17 Indeed, the patients could be offered myoblast transplantation: donor cells are injected into the affected muscles with the hope that they will fuse with those muscles and produce several healthy muscle fibers capable of dystrophin production. Transplanted cells lead to a correct and functional dystrophin gene and allogeneic transplantation (in which cells are extracted from healthy donors) offers the possibility to overcome ex vivo gene repair. 18 However, the efficacy of this approach is still questionable. [19] [20] [21] Besides, treatment aimed solely at muscle restoration will most likely result in temporary relief, if any. It can yet make the situation worse by quicker depletion of muscle stem cells. 22 It is believed that the earlier DMD treatment starts (ideally, during the first years of life), the better the results will be, as the treatment will show effect until the terminal stage of tissue damage is developed. 23 In principle, several type of cells could be used in DMD. It has been demonstrated that injected myoblast cells produce new muscle fibers, even if poor cell survival and limited migratory ability have been reported. 24 Stem cells represent the great promise for regenerative medicine, 25, 26 and offer a new treatment modality for DMD. 27 These cells are preferable for DMD applications due to their capacity of self-renewal and differentiative potential. 28, 29 Several studies have focused on applying stem cells for myopathy treatment. 30, 31 Adult stem cells have shown interesting results in treatment of muscular dystrophies, 24 whereas some studies attempting to treat different types of hereditary myopathy with embryonic stem cells turned out to be futile. When transplanted into rats, immature stem cells are able to differentiate into muscle fibers, transform into different tissue cells, and form potentially malignant tumors.
In order to prevent tumor formation, researchers started using more specialized cells, differentiating only into definite cell types. In stem cells, pre-activation of the Pax3 gene is responsible for muscle cell formation, which results in the formation of myoblasts, precursors of striated muscles. 32 Myoblasts, isolated from cell mass by using fluorescent substances selectively binding with receptors of muscle cell membranes, were engrafted in the hind limbs of rodents. One month later, the cells spread throughout the muscle tissue by multiplying and forming new muscle fibers. The mobility of the hind limbs markedly improved, which was proved by immunofluorescence testing. Apart from this, coordination also improved. Three months after the injections, the rodents were tumor-free. 30, 33 In an experimental murine model of muscle dystrophy, it has been shown that dystrophin loss caused continuous muscle damage alternating with restoration until stem cell capacity was depleted, and this was when the symptoms appeared. 22 Transplantation of healthy mice stem cells to the diseased mice alleviated the symptoms in the latter. 22 Among the stem cell population, fetal stem cells (FSCs) have also been used in neurological diseases. 34 These cells are more specialized compared to embryonic stem cells, but at the same time have high proliferative potential and are effectively being used in a number of diseases, including neurological ones, without the need for human leukocyte antigen (HLA) matching. 33, 35, 36 FSCs are safe, easily obtainable, and have higher proliferative and expansion potential than adult bone marrow cells. 35, 37, 38 They have not shown in vivo teratoma formation or uncontrollable cell proliferation as embryonic stem cells. 39 In addition, FSCs possess strong immunomodulatory characteristics, stable phenotypes, and less senescence; they are able to engraft and target damaged tissue. 34 Taken together, these powerful capacities indicate that FSCs are useful candidates for clinical cell-based DMD therapy.
The absence of effective methods for DMD treatment on the one hand and the positive experience of FSC application 
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Fetal stem cells in Duchenne dystrophy in neurological diseases on the other hand both indicate that FSC application in DMD may possibly be effective.
The aim of this study was to examine FSC treatment safety and efficacy in DMD children. We studied clinical, neurological, laboratory, morphofunctional, and lung capacity changes in DMD patients after FSC therapy (FSCT).
Materials and methods Patients
Subjects were recruited from Great Britain (3.70%); Ukraine (18.52%); Iran (7.41%); USA (7.41%); Georgia (3.70%); Russia ( The functional status of the DMD patients was assessed with the Brooke's scale. Evaluation is based on upper and lower extremities assessment tests performed in accordance with the standard protocol (walking, climbing stairs, sitting down on a chair, getting up from the floor or a chair, and wrist power) and graded from 0 to 4. The total score on this scale can vary from 0 (normal) to 22 (bedridden, absence of voluntary motions in the arms, unable to speak and swallow).
Quality of life (LQ) was evaluated with the SF-36 Health Status Survey.
Cardiovascular status was evaluated by means of routine clinical methods, electrocardiography (ECG), and echocardiogram (echoCG). A UCARD 100 electrocardiograph (UTAS Co, Kiev, Ukraine) was used for the 12-lead ECG, while a Toshiba SSA-380-A Powervision (Tokyo, Japan) with a 2.5-3.5 mHz variable frequency transducer was used for the echoCG performed on the left side in accordance with the approved protocols.
Heart failure was diagnosed on the basis of typical symptoms confirmed by specific echoCG evidence (left ventricular ejection fraction [LVEF] ,55%).
Respiratory capacity was measured on a BTL-08 Spiro (BTL Industries, Stevenage, UK) in accordance with the approved protocols. 40 Serum ALT, AST, CPK, and LDH were measured by enzyme-linked immunoassay. 41 Along with routine therapy, all patients of the study group underwent transplantation of mesenchymal and ectodermal FSC suspension containing both hematopoietic stem cells and other stem cell types.
stem cell procedure
We used suspensions containing stem cells harvested from 5-9-week-old human fetuses. One suspension was made of hematopoietic stem cells from fetal livers, while the other was made from fetal brain stem cells.
Fetal material was harvested in the surgery room pursuant to all aseptic and antiseptic requirements. Tissue was collected, upon written informed consent of the woman donor, from liver and brain nervous tissue of 5-9-week-old human fetuses aborted for family planning purposes and found to have no developmental abnormalities or infections. Fetal tissue was then placed into sterile transport medium made of Hanks solution and an antibiotic. Tissues were aseptically separated and homogenized in Hanks solution. The stem cell suspension was then filtered. Dimethyl sulfoxide was used as a cryoprotectant. Cryopreservation of cell suspensions was performed in the controlled-rate freezer chamber pursuant to the selected program.
In order to ensure safety, both the women donors and the ready-made hematopoietic stem cells from the fetal liver suspension were tested for bacterial and fungal safety, and viral infections and parasites such as human immunodeficiency virus 1 and 2, hepatitis B virus, hepatitis C virus, syphilis (Treponema pallidum), toxoplasmosis (Toxoplasma gondii), rubella, cytomegalovirus, herpes simplex virus 1 and 2, Suspensions containing hematopoietic stem cells from fetal liver and brain (nervous) stem cells were stored in liquid nitrogen at -196°C in a properly arranged cryobank.
The stem cell procedure consisted of transplantation of the suspension containing cryopreserved fetal stem cells preceded by premedication -infusion of diphenylhydramine 10 mg and prednisone 15 mg on day 1 and a specially prepared solution on day 2.
On day 1, we used hematopoietic stem cells from fetal liver harvested from the tissues of 5-9-week-old human fetuses. A suspension containing cryopreserved hematopoietic stem cells was administered via intravenous dripfeed in the amount of 1.75±0.51 mL with nucleated cell count .58.74 × 10 6 /mL per transplantation. On day 2, we administered ectodermal homogenate containing nervous cell precursors subcutaneously, in the amount of 2.12±0.49 mL with nucleated cell count .7.9 × 10 6 /mL per transplantation.
CD34+ were counted by using flow cytofluorometry (Becton Dickinson, Franklin Lakes, NJ, USA) with fluorescent tagged antibodies (Santa Cruz Biotechnology, Dallas, TX, USA).
colony-forming activity
Culturing was performed in 24-hole trays in an atmosphere with 5% CO 2 in the air and 100% humidity at 37°C in the following semisolid medium: agar 33% (Difco; Becton Dickinson), glutamine 4.0 mM/L (Sigma-Aldrich, St Louis, MO, USA), penicillin-streptomycin (100 U + 100 mcg/mL) (Sigma-Aldrich), granulocyte-macrophage colony-stimulating factor 100 U/mL (Sigma-Aldrich), interleukin 3 100 U/mL (Behringwerke AG, Marburg, Germany), stem cell factor 50 ng/mL (R&D Systems, Minneapolis, MN, USA), and erythropoietin 10 U/mL (epoetin beta; Boehringer Manheim Pharmaceuticals, Ingelheim, Germany). The media was prepared on Dulbecco's Modified Eagle's Medium (PAA Laboratories GmbH, Pasching, Austria). The colony (CFU-E [colonyforming unit erythrocyte], CFU-GM [colony-forming unit granulocyte monocyte], and CFU-GEMM [colony forming unit-granulocyte, erythrocyte, monocyte, megakaryocyte]) number and type calculation was performed on the 14th day of culturing.
Progenitor cells and stem cells of fetal neural tissue were characterized by culturing them in vitro. Thus, neurospheres were formed, and therefore their number pointed to the functional potential of fetal neural stem cells and strongly suggested their subsequent use (Figure 1 ).
Control group patients underwent only routine therapy including muscle supporting medications (L-carnitine, vitamins, lipoic acid, amino acids, vasoactive medications, and biostimulators) and medications reducing muscle cell membrane damage (antioxidants).
Neurological evaluation, laboratory tests (ALT, AST, CPK, and LDH) and instrumental examinations were performed before FSCT and 6 and 12 months after it.
Before the treatment, all of the patients, or their legal representatives, signed the informed consent. This study was registered as a clinical trial at the public registry of the Ministry of Education and Science of Ukraine, Ukrainian Institute of Scientific, Technical and Economic Information. The trial registration number is 0113U000957. Approval was obtained by the local ethics committee.
statistics
Statistical analysis of the data was performed with Statistika v.6.0 (StatSoft, Inc.) with calculation of averages and standard deviation. Student's t-test criterion was used for reliability evaluation. P,0.05 was considered statistically significant. No adverse effects were observed after FSCT: there was not an increase in body temperature, or diarrhea, rash, or pruritus after stem cell transplantation. In the study group, FSC transplantation resulted in neurologic improvements on Brooke's scale: average total score before the treatment was 8.57±0.66 compared with 7.75±0.54 half a year later (P,0.05); 85.19% of patients saw improvement by 0.5 point, 11.11% by 1.0 point and 3.7% by 1.5 points. One year after FSCT, the average total score on this scale was 6.85±0.57, which demonstrates a reliable decrease in comparison with the baseline (P,0.05). In 70.37% of patients, functional capacity improved by 0.5 points on Brooke's scale, in 18.52% by 1.0 point, and in 11.11% by 1.5 points. In the control group, a significant reduction of the total score on the Brooke's scale was reported 1 year after the treatment -7.15±0.43 versus baseline of 8.82±0.59 (P,0.05); 25% of the control group patients reported improvement by 0.5 points, 58.33% by 1.0 point, and 16.67% by 1.5 points.
Results

Patients
The LQ of DMD patients was assessed before and after FSCT (Figure 2 ). Before the treatment, patients of both groups had lower scores of physical functioning, mental health, emotional role functioning, vitality, and social role functioning, which negatively affected their LQ.
Six and 12 months after FSCT, LQ evaluation by the study group patients revealed improvement in all areas 6 and 12 months after the treatment (Figure 2 ). Six months after FSCT, significant improvement was reported in the emotional role functioning (15.2±0.39) and social role functioning (16.4±0.59), while 1 year after the treatment, significant improvement was also reported in physical functioning (13.2±0.38) and physical role functioning (13.8±0.5) (P,0.05). Patients also had higher self-confidence and improved spiritual realization. FSCT resulted in marked improvement of the general LQ perception by DMD patients.
In the control group, significant improvement was reported 12 months after the treatment in the social role functioning (16.9±0.59) versus baseline (12.0±0.49) and mental health (18.1±0.48) versus baseline (11.0±0.38) (P,0.05; Figure 3) .
It is known that DMD causes enzymatic abnormalities. Even though most enzymes are intercellular, plasma and serum tests show abnormalities in the cells and tissues.
Despite the absence of organ specificity, serum ALT and AST is of high diagnostic value, and elevation of these enzymes in DMD is suggestive, first of all, of muscle tissue necrosis.
The FSCT resulted in reliable ALT decrease in the study group in 6 months (0.94±0.10 U/L versus 1.58±0.19 U/L; P,0.05). AST also reduced 6 months after the treatment (0.61±0.06 U/L versus 0.84±0.07 U/L); however, this decrease was not reliable (P.0.05). One year after the FSCT, serum ALT and AST were 0.81±0.20 U/L and 0.50±0.07 U/L, respectively, which confirms a reliable (P,0.05) decrease in comparison with the baseline (Figure 4 ). Dystrophin deficiency in muscle fibers leads to massive CPK penetration from the damaged muscle into the bloodstream. High CPK is suggestive of myolysis, but its clinical specificity is low because there is no 100% guarantee of exact diagnosis (muscle disease type).
We studied effect of FSC on CPK in DMD patients ( Figure 5) .
A reliable CPK reduction in comparison with the baseline was reported in the study group 6 months after the treatment (6,583.4±58.21 U/L before FSCT versus 4,012.3±41.14 U/L at 6 months versus 2,918.0±29.37 U/L at 12 months; P,0.05). In the control group, CPK also reduced to 5,212.3±34.15 U/L 6 months after the treatment and 4,988.0±23.31 U/L in 12 months versus the baseline of 6,273.4±48.26 (P.0.05).
The LDH test helps identify tissue damage, and in DMD its elevation is found several years before onset. The average LDH before FSCT was 526.4±18.24 U/L in the study group and 533.2±17.15 U/L in the control group ( Figure 6) .
LDH was reduced 6 months after the treatment to 379±21.14 U/L in the main group and to 409±19.12 U/L in the control group. In the study group, a significant decrease was obvious 12 months after FSCT (284±19.2 U/L; P,0.05). In the control group, LDH was 389±17.21 U/L 12 months after FSCT (P.0.05).
ECG revealed the following cardiovascular problems in 74.10% of DMD patients: rhythm irregularity (40.74%), sinus tachycardia (96.30%), auricular extrasystole (32.00%), isolated early ventricular extrasystole (5.00%), bundle block 
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Fetal stem cells in Duchenne dystrophy (79.00%), PQ interval shortening (60.10%), QT interval prolongation (57.80%), negative T-wave (25.10%), ST segment depression (7.40%), and left ventricular hypertrophy (25.90%). None of the patients had a past history of treatment with angiotensin-converting-enzyme inhibitors and beta-adrenoblockers. The patients' morphofunctional data are presented in Table 1 . We studied morphofunctional heart parameters in 16 patients of the study group, for all of whom FSCT resulted in a reliable LVEF increase by 11.10% and 18.03% 6 and 12 months after the treatment, respectively (P,0.05). Treatment also resulted in end-diastolic volume (EDV) reduction by 15.6% and 25.8% 6 and 12 months later, respectively (P,0.05). In the control group, a significant LVEF increase by 12.42% and EDV reduction by 21.19% was reported 12 months after the treatment (P,0.05). The results are presented in Table 1 .
In order to diagnose respiratory failure, 16 patients of the study group and 12 patients of the control group with different DMD stages underwent spirography, which showed that nine patients of the study group and six patients of the control group with stage II DMD had no respiratory problems, three patients of the study group and two patients of the control group with stage III DMD had marked respiratory failure, two patients of the study group and two patients of the control group with stage IVa DMD had very advanced respiratory failure, and two patients of the study group and two patients of the control group with IVb DMD stage used a ventilator at night. Thus, it was quite obvious that respiratory failure advanced with the stage. 
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After FSCT, the study group patients reported improved respiratory status as early as day 2 after the treatment. Six months after FSCT, forced vital capacity (FVC) increased by a mean of 4.2% and forced expiratory volume (FEV 1 ) by 4.5% (P.0.05). One year after FSCT, we saw a reliable increase of FVC and FEV 1 by 13.2% and 15.3%, respectively.
In the control group, a significant FEV 1 increase, by 10.5% (P,0.05%) was reported 12 months after the treatment.
Discussion
In this study, we used FSCT to verify the potential beneficial effects of stem cells in DMD patients.
Currently, DMD is an untreatable lethal recessive disease. Beyond gene replacement therapy, cell-based therapy is offering new horizons for DMD management. 42 FSCs are more specialized than embryonic stem cells; moreover, they show higher proliferative and expansion potential and lower immunogenicity than other stem cell types. 43 FSCs are more rapidly, easily, and efficiently reprogrammed to pluripotency than neonatal and adult cells. 44, 45 In addition, they exert strong immunomodulatory effects, 46 possess a stable phenotype, and demonstrate less senescence. These properties render them as useful candidates for cell transplantation and particularly for DMD, as verified in several preclinical studies. 44 In addition, FSCs, unlike embryonic stem cells, have no potential to form in vivo tumors, still retaining their primitive properties and expansion capacity. 44 At 4-5 days of embryonic development, at the blastocyst stage of its inner cell mass, embryonic stem cells can be isolated. Subsequently, after this division, FSCs can be isolated. Indeed, by day 7-10, gastrulation occurs and the embryonic cells have committed to a specific lineage: meso, ecto, endo. By 4 weeks, the neural tube has formed and by 5-7 weeks, the major organs are all formed. We used FSCs from 5-9 weeks.
The FSC transplantation we performed was safe and well-tolerated. No immediate or long-term side effects, as well as immunological reactions, were observed during the 1-year follow-up period.
How FSCs work in DMD is still to be clarified and is beyond the scope of this study. However, FSCs could exert their beneficial role through two mechanisms. These cells show an ability to 1) differentiate to form myogenic cells; and 2) offer a trophic effect. It has been demonstrated that in an experimental model reproducing human DMD obtained using a dystrophic mdx mouse, transplanted FSCs are able to differentiate at low levels into skeletal and myocardial muscle. 47 This differentiation level was not considered to be curative, indicating that cell replacement theory probably is not the major mechanism involved by which FSC provide functional benefits.
FSCs show strong paracrine trophic effects on host tissues. 34 Indeed, FSCs are able to secrete diffusible neurotrophic factors and several growth factors.
It is noteworthy to consider that the FSC-mediated positive mechanisms could be also related to the capacity of the transplanted cells to restore dystrophin gene expression. 48, 49 This mechanism of action could be confirmed by FSC-mediated CPK reduction as seen in our study.
Indeed, transplanted stem cells are able to systemically migrate within the host, where they could home to multiple muscle compartments, engraft, and differentiate into functional expressing dystrophin muscle cells, or they could fuse with myofibrils and restore dystrophin synthesis. 7 In addition, engraftment and homing is increased in damaged tissue and FSCs show higher engraftment potential than adult stem cells. 50 Migration and engraftment capacity could also be the cause of the improvement in cardiovascular and respiratory parameters seen in our study. It is known that respiratory failure in DMD patients is caused by restrictive changes in the lungs. Stem cells are able to migrate to the affected areas of the lungs, regenerate alveoli, and improve blood circulation in the lung tissue. 31 Treatment of cardiomyopathy in DMD patients is based on the stem cells' capacity to restore the cardiomyoblast population. It has been shown that mesenchymal stem cells are able to replace connective tissue cells with functional cardiomyocytes. Ejection fraction increase and higher contractile activity of myocardium was reported. 8, 10, 11 In addition, we cannot exclude the possibility that FSCs' ameliorative mechanisms are due to their capacity to restore, rebuild, and enhance the neuromuscular system. In an in vitro model, as well as in a murine model, it has been demonstrated that FSCs are able to recruit into the myogenic lineage and to form mature myotubes, 
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Fetal stem cells in Duchenne dystrophy contributing to muscle formation. 51 Interestingly, it has been reported that human stem cells are able to integrate into normal and infarcted rat cardiac tissue and to differentiate into cardiomyocyte-like cells, improving ventricular function and capillary density. 52 Thus, our research has shown that, irrespective of DMD stage, FSCT inhibits progression of the disease and markedly improves patient conditions.
In DMD, FSCT results in higher LQ, subsidence of neurologic symptoms, and prevention of cardiovascular and respiratory complications (heart and respiratory failure). However, optimal results can be achieved by combined treatment -FSCT, physical therapy, massage, and breathing exercises.
Conclusion
In DMD, FSCT results in inhibition of the disease progression and improvements in different areas, such as: 1. Reliable improvement of functional capacity and LQ after 6 and 12 months of treatment compared with the control group. 2. Reliable reduction of serum ALT, AST, CPK, and LDH 6 months after FSCT in the study group. In the control group, significant reduction of ALT and AST was reported 12 months after the treatment, while CPK and LDH reduction was insignificant both 6 and 12 months after the treatment. 3. Significant morphofunctional improvements of cardiac status (LVEF increase and EDV reduction) 6 months after FSCT in the study group and 12 months after the treatment in the control group. 4. Reliable improvement of forced lung capacity (FVC, FEV 1 ) 1 year after the FSCT in the study group, while in the control group only FEV 1 improvement was significant. For inhibition of rapid progression of DMD, LQ improvement, and prevention of disease-related cardiovascular and respiratory complications, it is recommended to combine FSCT with physical therapy, massage, and breathing exercises.
Future larger randomized and placebo-controlled trials will be needed to further characterize long-term FSC improvements in DMD; as well, more research will be needed in order to fully understand the FSC-mediated mechanisms underlying the cardiovascular, respiratory, LQ, and neurological improvements obtained using FSCT in DMD. However, personalized stem cell therapy could be the most effective treatment for a specific DMD patient, opening a new era of DMD management in the future.
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